We theoretically investigate the transport properties of a quasi one dimensional ferromagnetsuperconductor junction where the superconductor consists of mixed singlet and triplet pairings. We show that the relative orientation of the stoner field (h) in the ferromagnetic lead and the d vector of the superconductor acts like a on-off switch for the zero bias conductance of the device. In the regime, where triplet pairing amplitude dominates over the singlet counterpart (topological phase), a pair of Majorana zero modes appear at each end of the superconducting part of the nanowire. Whenh is parallel or anti-parallel to the d vector, transport gets completely blocked due to blockage in pairing while, whenh and d are perpendicular to each other, the zero energy two terminal differential conductance spectra exhibits sharp transition from 4e 2 /h to 2e 2 /h as the magnetization strength in the lead becomes larger than the chemical potential indicating the spin selective coupling of pair of Majorana zero modes to the lead.
I. INTRODUCTION
Localized Majorana zero modes (MZMs) that appear at the end of one dimensional topological superconductor are anticipated to be the building blocks of future topological quantum computers [1] [2] [3] [4] [5] [6] . Theoretical proposals 7, 8 to engineer such a topological superconductor from a semiconducting nanowire (NW) with Rashba spin-orbit coupling have stimulated a lot of recent exciting experiments towards realizing this exotic phase hosting Majorana zero mode (MZM). The zero bias peak (ZBP) in the differential conductance was predicted [9] [10] [11] [12] in hybrid superconductor-semiconductor systems. However, the earler experimental findings [13] [14] [15] [16] were largely debated because of the possibility of ZBP appearing from coalescing Andreev levels 17 , Kondo physics 16, 18 , weak antilocalization 19 , disorder 20 or multi band effects 21 etc. With the improved devices, more recent experiments [22] [23] [24] reveal more convincing signatures of MZMs. Nevertheless, the topological origin of ZBP is not ensured as the ZBP appearing from Andreev bound levels also mimic those of MZMs 25, 26 and it is hard to distinguish them. Hence, newer probes of MZMs beyond ZBP is of great importance [27] [28] [29] [30] [31] .
In this article we show that it is possible to use a ferromagnetic lead for probing MZM hosted in noncentrosymmtric superconductor (NCS) 32, 33 which has broken inversion symmetry and the corresponding pair potential is composed of both singlet and triplet spin states 34 . Earlier zero energy peak in transport accross normal-metal-NCS junction was reported [35] [36] [37] [38] without establishing it's connection to the MZM. Here we investigate the properties of two-terminal conductance of a quasi one dimensional ferromagnet-superconductor (FS) junction where the superconductor lacks inversion symmetry. We employ extended Blonder-Tinkham-Klapwijk (BTK) formalism 39 for our analysis. We show that in the topological phase, when triplet pairing dominates over the singlet one, the two terminal differential conductance at zero bias exhibits a sharp transition from 4e 2 /h to 2e 2 /h as the magnetization strength becomes larger than the chemical potential in the lead. We also observe a spin selective coupling of the ferromagnetic lead to the pair of MZMs as a function of the magnetization of the ferromagnet, with respect to the d vector in the topological regime.
The rest of the paper is structured as follows. In Sec. II, we describe the model Hamiltonian for our setup and the method for obtaining the conductance. Sec. III is devoted to our numerical results for the differential conductance. Finally, we summarize our results and conclude in Sec. IV. 
II. MODEL AND METHOD
In Fig. 1 , we present the schematic of our proposed FS set-up in which a part of the quasi one-dimensional (1D) NW is placed in close proximity to a ferromagnet and rest to a bulk superconducting material with broken inversion symmetry. Here ferromagnetism and superconductivity are induced in the NW via the proximity effect. It is assumed that both the strength and the direction of the induced magnetization vector in the NW can be controlled via the bulk ferromagnet 40 . The engineered FS structure is attached to a normal metal lead (not shown) via which the current can be measured. The gate voltages (denoted by G) can tune the chemical potential in differnt parts of the NW.
We choose the x-axis along the axis of the NW. The interface of F and S regions of the NW is taken at x = 0 for simplicity. We consider an insulating barrier at the FS interface which is modeled by a δ-function potential given as V (x) = ( 2 k F /m)Zδ(x) where k F is the Fermi wave vector in the lead, m denotes electron mass and Z is the dimensionless barrier strength. Chemical potential in F and S regions are µ and µ + U respectively where U is extra gate potential in the S region to tune the Fermi energy mismatch.
In the superconducting region, which is composed of both singlet and triplet pairing states, the pairing potential∆(k) (2 × 2 matrix), in general, can be written aŝ
iφ34 . Here,σ 1,2,3 are Pauli spin matrices operating on spin space and φ is the superconducting phase. Throughout our analysis, we consider only the mean-field value of ∆ s (k) i.e., ∆ s (k) = ∆ s . In contrast, the triplet pairing potential is characterized by an odd vector function as d(k) = −d(−k). Following Burset et al. 37 , we consider the chiral triplet state of the form,
iχθẑ , where ∆ p is the non-negative amplitude of the triplet pairing potential and χ = ± denotes opposite chiralities. Here, χ determines the orientation of the angular momentum of the Cooper pairs and θ represents the relative phase between the singlet and triplet pairing states. The superconducting pairing preserves time reversal symmetry (TRS) either for θ = nπ or for θ = nπ/2, with n = 0, 1, ... . For 1D case, depending on the value θ, the Hamiltonian can be categorized to either in class C, class D, or class DIII, according to the Altland-Zirnbauer symmetry classification 41, 42 . For the case with θ = 0, the Hamiltonian belongs to the nontrivial DIII symmetry class if ∆ p > ∆ s 43 . With this simplification, paring potential now takes the form,
iφ . The FS junction can be described by the BogoliubovdeGennes (BdG) equations as, H(k)Ψ(k) = Ψ(k) where the Hamiltonian H(k) can be written as
iφ . We consider the band energy E(±k) of the NW as E(±k x ) for a particular choice of k y in the quasi 1D limit. We assume a situation where the transverse confining potential and the chemical potential in the NW are tuned such that only the lowest sub-band is participating (k y = 0 mode) in transport and hence θ = 0. θ = 0 corresponds to different symmetry class. It is assumed that the band energies for the electrons moving to the left and right are equal to each other. We define right movers by θ + = θ and left movers by θ − = π−θ which reduces to θ + = 0 and θ − = π in our case. The effective pairing potential depends on different spin channels as well as the direction of motion. Right movers with spin ↑ and ↓ are effected by the pairing potential ∆ + (θ + ) and −∆ − (θ + ) respectively while left movers sense ∆ + (θ − ) and −∆ − (θ − ) corresponding to ↑ and ↓ spin channels respectively 37, 44 . The magnetization vector in the ferromagnetic region is considered to beh = h{sin ψ cos φ F , sin ψ sin φ F , cos ψ}.
Here,h is the strength of the magnetization vector and ψ, φ F are the polar and azimuthal orientation angle respectively. In the F region (x < 0), ∆ ± = 0. On the other hand, in the superconducting side (x > 0),h = 0. Wave functions inside the F region are given by
For an incoming electron with spin σ, total wavefunction in F region becomes, Ψ F = Ψ Fig. 2 . Here, black dashed and white dotted lines correspond to the behavior of the same for ψ = π/4 and ψ = 0 respectively i.e., they highlight G for Fig. 2 .
On the other hand, the wave-function inside the S region can be written as,
with
σ−1 where σ = ± denotes the ↑, ↓ spin channels and α = ± indicates the direction of motion. Momenta inside the F and S regions are given by: k e/h F σ = 2(± +µ+σh) and k e/h Sσ = 2(µ+U )±2 2 −|∆ σ | 2 respectively. Electron and hole components of the wave functions are given by,
respectively. Now using the proper boundary conditions, we find all the quantum mechanicl scattering amplitudes from the FS interface. At zero temperature, following the BTK formalism 39 , the differential conductance is given by, G = G 0 σ=↑,↓ (1+R 
III. RESULTS
The behavior of the scattering probabilities are shown in Fig. 2 as a function of the energy of the incident electron in the subgapped regime. Here, the F part of the NW is effectively in the half-metalic regime ash µ. For simplicity, we have also chosen φ F = 0 throughout our analysis. For ψ = 0, incoming electron spin is parallel to the d vector of the superconductor. This configuration hinders the possibility of cooper pairing and therefore only possible process is normal reflection from the FS interface. Hence, the conductance vanishes in the subgapped regime. For ψ = 0, SFAR probability increases due to the dominance of p-wave pairing in the topological regime (∆ p > ∆ s ). Note that, the general condition for gap closing is ∆ s = ∆ p cos θ which reduces to ∆ s = ∆ p in our case. On the other hand, for ψ = π/4, an anti-resonance in SFAR probability is clearly visible in Fig. 2 at energy ∼ 0.3 in the topological regime. This anti-resonance can be attributed to an interesting interference between different spin channels when ψ = π/4. Furthermore, in this parameter regime for any value of ψ, AR and spin flip reflections are prohibited due to the absence of other spin channel in the half metallic limit.
In Fig. 3 , we show the behavior of differential conductance G (in unit of e 2 /h) in the plane of incident electron energy ( ) and polarization angle ψ. We observe that G vanishes when incident electron spin is parallel (anti parallel) to the d vector i.e., ψ = 0 (ψ = π). This is consistent with the slice of Fig. 3 , denoted by the white dotted line and also depicted in Fig. 2 . On the other hand, G reaches at its maximum value 2e 2 /h, at = 0, when the polarization of the ferromagnet is perpendicular to the d vector of the superconductor i.e., ψ = ±π/2. This occurs as SFAR due to triplet cooper pairing becomes maximum with this orientation. This is indicative of a single MZM contributing resonantly to transport. Note that, a pair of MZMs appear at the two ends of the superconductor in the topological phase and above observation implies that only a specific linear combination of pair of MZMs is allowed to couple resonantly to the F region due to the spin selection rule while the other combination remains decoupled. Such SFAR induced by MZM was earlier studied theoretically 46 and recently confirmed experimentally 47 . Furthermore, when the incident electron energy is comparable to the superconducting gap ( ∼ 1), reflection process dominates over AR. Hence, G becomes vanishingly small and independent of ψ as can be seen from Fig. 3 . We also observe that the conductance peak splits as we move away from = 0, for a wide range of ψ (see the highlighted black dashed line in Fig. 3) . The ferromagnetic lead acts like a time-reversal breaking boundary perturbation to the pair of MZMs leading to their hybridization and hence resulting in split peaks.
The features of differential conductance G (in unit of e 2 /h), at = 0, is demonstrated in Fig. 4 (a) in ∆ p −h plane for ψ = π/2. Note that, whenh = 0 and ∆ p > ∆ s (topological regime), G is 4e 2 /h indicating two MZMs originating from the two different bands 37 contributing resonantly to conductance. On the other hand, wheñ h > µ i.e., spin polarized regime and ∆ p > ∆ s , G is 2e 2 /h indicating the fact that only one MZM participating in transport. Also, in the regime ∆ p > ∆ s , G manifests a sharp transition from 4e
2 /h to 2e 2 /h with the variation ofh i.e., depending on the availibility of the spin channels. At = 0, transport is being carried out solely by the subgapped MZMs and hence this sharp transition of G indicates the spin selective coupling of MZM to the ferromagnetic lead which is the main result of our paper. Furthermore, in the trivial regime (∆ s > ∆ p ), singlet cooper pairing is not possible owing to the blockage of one spin channel (h > µ) and as a consequence G vanishes. However, in the regimeh < µ, due to the availibility of both spin channels, normal AR gives rise to non-zero G.
The sensitivity of zero energy conductance on polarization angle ψ, in the topological superconducting regime, can be seen from Fig. 4(b) . When the electron spin is perpendicular to the d vector i.e., ψ = π/2, G is 2e 2 /h for the entireh > µ regime due spin selective coupling to one MZM. Aroundh = µ, G starts gradually increasing from 2e
2 /h and finally reaches 4e 2 /h forh = 0 i.e., both MZMs are resonantly coupled to the lead. With the variation of ψ from π/2 (towards 0 or π), probability of SFAR decreases and hence G decreases monotonically and becomes zero when ψ = 0 andh > µ. Hence, such spin dependent coupling of MZM, in the ∆ p > ∆ s regime, explicitly depends on the polarization strengthh of the F regime and angle of magnetization ψ.
IV. SUMMARY AND CONCLUSIONS
To summarize, in this article, we study two terminal differential conductance of a quasi 1D FS junction where the superconductor consists of mixed singlet and triplet pairings. When the superconducting part of the NW becomes topological andh is parallel (anti-parallel) to d vector (ψ = 0(ψ = π)), transport is blocked through the junction due to the absence of SFAR. On the other hand, whenh is perpendicular to d (ψ = π/2) differential conductance splits away from = 0 due to time-reversal breaking boundary perturbation. Moreover, zero energy conductance spectra shows sharp transition from 4e 2 /h to 2e 2 /h whenh > µ i.e., , as we move into the polarized regime. Such transition between quantized conductances at zero bias demonstrates an efficient spin dependent coupling to a single MZM from the pair of MZMs, using a ferromagnetic lead.
In systems having proximity induced conventional superconductivity (s-wave), to realize MZMs at the two ends of a one-dimensional NW, the required ingredients are spin-orbit coupling in the NW and a magnetic field perpendicular to the spin-prbit field direction. The applied magnetic field and the chemical potential have to be tuned properly to achieve topological phase in the NW 13, 14 . On the other hand, in our set up, we do neither require spin-orbit coupling nor a zeeman gap to achieve topological phase hosting MZMs at each end of the superconducting part of the NW. Essentially, the relative magnitude of the intrinsic spin singlet and triplet pairings of the unconventional superconductor gives rise to the topological phase hosting pair of MZMs at the ends of the superconducting part of the NW. This motivates us to consider an inversion symmetry broken NCS type superconductor with mixed singlet and triplet pairings 33, 48 to study our model. The strength of the stoner fieldh in the ferromagnetic probe can be thought off as an efficient way to controlling time reversal breaking boundary perturbation which leads to sharp transition of zero-bias differential conductance from the quantized value of 4e 2 /h to 2e
2 /h when the stoner fieldh in the ferromagnetic and the d vector of the superconductor are kept mutually perpendicular to each other.
As far as practical realization of our model is concerned, a NW may be possible to fabricate in close proximity to a ferromagnet 40 and NCS superconductor for e.g. Mo 3 Al 2 C, BiPd etc. 49, 50 . However, experimental realization of proximity induced unconventional superconductivity in semiconducting NW has not been reported so far, to the best of our knowledge. To validate our model, the orientation of the d vector of the spin-triplet component to be changed according to the direction of transport. Hence, the transport signatures (differential conductance G) must be measured in the plane orthogonal to the axis along which inversion symmetry broken spin-orbit coupling is present. Our proposed differential conductance spectra can be a probe for the spin selective coupling of pair of Majorana zero modes to the lead.
